The indicator-fractiomition technic for measurement of regional blood flow has been applied to the measurement of blood flow in the aortic wall, using Rb S(i . The aorticindicator content declines slowly with time during the first minute, which shows that the aorta has a smaller extraction ratio for Rb sti than the rest of the body. The application of the indieator-fractionation teehnic when organ content of indicator changes with time is discussed. It is shown that the perfusion rate of rat aorta is at least 1.70 ml./Gm./min. This value is much larger than would be expected from in vitro studies of aortic oxygen utilization.
. The aorticindicator content declines slowly with time during the first minute, which shows that the aorta has a smaller extraction ratio for Rb sti than the rest of the body. The application of the indieator-fractionation teehnic when organ content of indicator changes with time is discussed. It is shown that the perfusion rate of rat aorta is at least 1.70 ml./Gm./min. This value is much larger than would be expected from in vitro studies of aortic oxygen utilization.
A LTHOUGH the aorta is known to have a well developed system of vasa vasorum, 1 its perfusion rate has not, to our knowledge, been measured. The technical difficulties involved in the application of ordinary methods of flow measurement, to the aortic wall are self-evident. A method recently developed makes possible the measurement of blood flow to organs without discrete blood supply.-The present study is concerned with the application of this method to the measurement of the blood flow through the aortic wall.
METHODS
The methods were, with minor modifications, the same as those used before. 2 Female rats of the Sprague-Dawley strain, weighing between 175 and 230 Gin. were anesthetized with sodium pentobarbital (40 mg./Kg. I.P.) after an lS-hour fast, during which they were allowed free access to water. Five to 10 /xc. of Rb SB Cl in a volume of 0.2 ml. was injected into a femoral vein. The animals were killed by transection through the thorax with a mallet-driven axe at 3.5-6, 10, 15, 20, 30, or 60 sec. after injection of the label. The aorta was taken from the aortic valves to the bifurcation of the iliacs. All branches were removed as close to their origin as possible. Adventitial tissue was stripped and the minute quantity of blood remaining in the aorta expressed. In 1 experiment, the aortas of eight rats killed at 10 sec. after label in-jeetion were dissected as above, then opened longitudinally and scraped vigorously on the intimal side with a saline moistened gauze pad. The tissues were weighed immediately on a Roller-Smith torsion balance.
The hearts were opened and the blood removed by blotting on paper towels. It has been found previously that this method of removing contained blood is as effective as rinsing in toluene (unpublished observations). Since the blood content of myocardium is quite small and since by 10 sec. the isotope concentration in the circulating blood is very low, it may be presumed that after this time the greatest part of the myocardial content of label is extra vascular.
The Rb sc content of the organs was determined on whole organ samples using a Xuclear Chicago DS 5-5 scintillation detector and Xuclear Chicago 132 Computer-Analyzer.
Twelve rats other than those referred to above were used for the construction of arterial indicatorconcentration time curves for Rb so . The carotid artery was cannulated with PR 20 polyethylene tubing. A single injection of Rb
80
Cl was made and blood was collected continuously, using a sample collector described elsewhere. 3 Samples were collected 60 times/min. (4 cases) or 12 times/min. (8 cases). Twenty lambda aliquots of these samples were taken for counting; the Rb so concentration was expressed as the percentage of the injected dose per milliliter of blood.
A single experiment was carried out on a 15.6 Kg. dog which was killed by stabbing through the heart with a butcher knife 60 sec. after administration of Rb subsequent decline up to 60 sec, though slow, was regular.
In contrast, the heart value was quite stable. Confirming our previous experience, no systematic change was observed with time. On the basis of weight, the 10-sec. aortic values showed 3.4 ± 0.9 (S.D.) per cent of the injected dose of Rb 86 taken up per gram of tissue. In 20 rats killed between 10 and 20 sec. after Rb 80 administration, in which the thoracic and abdominal aorta were separated, the results showed no difference between the two parts of the aorta when expressed on a weight basis (thoracic aorta 3.1 ± 0.7 per cent of the injected dose/ 6m.; abdominal aorta 3.2 ± 0.7 per cent).
Scraping of the intimal layers of the rat aorta with a saline moistened sponge did not alter the Rb 8c content of aortic tissue in animals killed at 10 sec. The value was 3.4 ± 0.8 per cent of the injected dose/Gr. In the single dog experiment the Rb SG uptake by the media when expressed on a weight basis was 1.6 times the corresponding value for the intima.
The arterial blood concentration of Rb 80 after a single intravenous injection varied with time in the same way as that of K
42
. 2 The peak of the typical indicator-dilution curve occurred 3-7 sec. after injection. At this time, the concentration of Rb SG in the blood was from ^ to ^ of the injected dose/ml. (The peak value obtained depends critically upon the rate of injection and sampling and no undue significance should be attached to it.) After the rapid decline from the peak, the blood concentration values became 3.1 ± 1.0 per cent of the injected dose/ml, at 10 sec; at 30 sec. the concentration had fallen to 1.2 ± 0.1 per cent of the injected dose/ml.; and at 60 sec. 0.8 ± 0.1 per cent of the injected dose remained/ml, of blood.
DISCUSSION

Principles
The indicator-fractionation method for the determination of regional blood flow is based on the proposition that a time exists during which the removal of a nonexcreted indicator from an organ via its vein is negligibly small in relation to the arterial delivery of the indicator to the organ. Within such a time it is clear that the organ blood flow can be described as the ratio between the organ uptake of indicator and the integrated concentration of indicator in the arterial blood supplying the organ.
Although the fact there is a finite transit time for blood through any organ makes it certain that the time of negligible venous drainage exists, two technical limitations detract from the usefulness of the principle as stated. The first is that the time at which venous drainage becomes significant is not known. The second is that evaluation of the arterial integral must be made upon arterial blood drawn from the artery supplying the organ examined and during the time period in question. The necessity that the arterial integral be evaluated from the organ's arterial blood results from the spatiotemporal nonhomogeneity of arterial blood with respect to an indicator substance when the arterial concentration is changing rapidly.
Though the condition of zero venous drainage cannot be examined directly, it can be described by observation of the time course of organ content of indicator. Multiple observations of organ indicator content as a function of time can be extrapolated to the moment of arterial delivery permitting the situation which exists at the moment of zero venous drainage to be described in terms of that which exists at various times after drainage has begun. The similarity of this procedure to that employed in the estimation of body fluid volumes with the aid of slowly mixed, excretable indicators is obvious. Extrapolation of observed concentrations of indicator in the plasma to zero time describes the indicator concentration as it would have been at zero time, if the indicator had been instantaneously mixed, and none had been excreted. In the same way, extrapolation of organ indicator content to zero time permits the description of indicator delivery to the organ as it would have been if none of it had drained from the organ.
The type of extrapolation to be employed in this situation was not a priori obvious. Clearly, extrapolation is hazardous in the description of rapidly changing phenomena, for the dominant process may no longer be in view after a few moments. It was, therefore, gratifying to find that when either K 42 or Kb 80 was the indicator, given in a single injection, the organ content of indicator changed exceedingly slowly, except in the case of the brain.
2 ' 4 The change was, in fact, so slow that it could not be detected at all in the first minute after the injection of label in the rat.
The fact that the phenomenon examined changes so slowly simplifies the extrapolation. The situation of zero venous drainage (extraction ratio 1.00) identified by extrapolation, presumably lasts for a very brief period. Yet the transition rate from this situation to the ultimate one is so slow that the situation of zero drainage is described at any time during the first minute. In effect, the indicator behaves just as if it were not recirculating. Its distribution parallels the distribution of the cardiac output. It will be recognized that the spatiotemporal nonhomogeneity of the arterial blood with respect to indicator is no longer of consequence during a time period when the distribution of indicator is not time dependent.
The fact that indicator distribution during the first minute is essentially constant, though convenient, was quite unexpected. It would have been anticipated that different organs, perfused at different rates, with capillaries of different permeability, and reservoirs for indicator of different size would display these differences by approaching the equilibrium condition in which the label is homogeneously distributed through the body potassium at different rates.
In fact they do. If the time scale used is one of minutes instead of seconds, it is easy to observe the kidney and heart giving the indicator up rapidly, while the gut and liver give it up slowly. At the same time, the indicator is accumulated rapidly in skeletal muscle and slowly in skin (unpublished observations). But the changes which occur are all at the rate of fractions of a per cent per minute. Though the rates of change may differ in magnitude or even in direction, the difference in the changes which occur in one minute is so small that it escapes detection.
There is one significant exception to this statement when K 42 or Rb 80 is the indicator. (When iodoantipyrine is the indicator, almost every organ shows significant changes during the first minute.
2 ) The cerebral content of the alkali metal isotopes shows exceedingly rapid early changes.
2 The brain gives up 85 per cent of its content of label between 5 and 10 sec. Not only is this process too fast to permit satisfactory extrapolation, but there is some uncertainty regarding the zero time to which extrapolation should be made. Consequently, the present method, using alkali metal isotopes cannot be used for the measurement of cerebral blood flow.
It is beyond the scope of this communication to consider the reasons for the slowness of K 4 -and Rb 80 redistributions in organs other than the brain. It may be noted, however, that this is the type of behavior to be anticipated when a single injection of an inert label originally at high concentrations within the plasma is passed through large, immediately exchanging pools of the substance labeled by the indicator, the pools being arranged in parallel with each other and their drainage recirculating into the system. In such circumstances either exceedingly large pools or a fixed ratio between pool size and SAPIRSTEIN, MANDEL pool flow in each of the elements of the system will produce the situation described. K 4 -and Rb S(i pass through such large pools;"'" 7 a mechanism through which approximate proportionality between flow rate and pool size for these isotopes may exist has been suggested elsewhere. 2 
Experimental Results
At first sight the behavior of the aorta toward Kb 80 seems to resemble that of the brain and it would seem futile to attempt to estimate aortic perfusion from its Rb s<i uptake. At 10 sec. the aortic fraction of Rb Mi is only 40 per cent of its value at 3.5-6.0 sec.; thereafter it declines slowly, but continuously.
It seems quite probable that the high values between 3.5 and 6.0 sec. are due to the presence of a small amount of blood containing very high concentrations of Rb 8(i remaining in the aorta. At this time, which was chosen to embrace the peak of the arterial indicator concentration curve, as much as half of the injected close of indicator may be found in each milliliter of blood. Assuming that the aorta is contaminated by blood to the extent of 10 per cent of its weight, each gram of aorta would contain almost 5 per cent of the injected dose in blood alone. Since the exact amount of blood in the aorta is not known, no attempt was made to make the indicated correction.
The situation is quite different after 10 sec. At 10 sec. the indicator content of arterial blood has fallen to 3.1 per cent of the injected dose/ml. Contamination of the aorta with 10 per cent by weight of blood would account for 0.2-0.3 per cent of the injected do.se/Gm. The observed value is almost 10 times as great. This shows that the aortic tissues have been brought into exchangingthat is potentially useful-contact with the diffusible components of a large volume of blood. That this contact is more than a surface phenomenon occurring at the intima is shown by the results of the dog experiment. The fact that the media took up a greater proportion of the injected label per gram than the intima suggests that the greatest part of the exchange between blood and aortic tissues occurs by waj' of the vasa vasorum rather than through intimal contact with the blood. Similarly, the stability of the aortic Rb s " content per gram of rat aorta after intimal scraping suggests that Rb K(i uptake by aortic tissue occurs through vascular channels rather than at the intimal surface.
Since contamination by blood cannot account for more than a small fraction of aortic Rb sc uptake from 10 sec. on, the decline which begins at 10 sec. indicates a slow "washout" of label from the aortic wall. This behavior is intermediate between that of most organs of the body and that of the brain and suggests that the aortic reservoir of exchangeable potassium is somewhat smaller in relation to its perfusion rate than is the same ratio in other organs, though it is much larger than that of the brain.
The fact that the aortic content of Rb 8(i changes with time during the first minute makes an extrapolation to zero time necessary to describe the situation of zero venous drainage, necessary for the application of the indicator-fractionation principle. There are, however, two difficulties in making this extrapolation.
The first is concerned with the type of extrapolation to be made. It has, so far, been impossible to formulate l'igorously a mathematical description of a recirculating system in which the indicator content of an organ changes over the time of observation. An approximate analysis, with certain simplifying assumptions has been made. This analysis indicates that the behavior to be anticipated is an exponential approach to an equilibrium value. Assuming such behavior, extrapolation of the data to the time of arterial deliveryassumed to be 5 sec-we find that the aorticuptake fraction of Rb 86 at 10 sec. would underestimate the flow fraction by about 13 per cent.
The use of the 5-sec. period as the tim? of arterial delivery is also questionable. The dispersal of indicator between the site of injection and the arterial system results in a delivery of the bulk of indicator to the organ PEKFUSIOX KATE OF AORTA 549 over a 3-4 sec. period rather than at any one time. For organs with small reservoirs, this will result in indicator losses, even before the initial delivery is complete. An excellent illustration of this is afforded by the behavior of the brain when either Kb 80 or K 42 is the indicator.
At 5 sec. 0.7-0.8 per cent of injected isotope is found in the brain. At 10 sec. 85 per cent of this amount has been lost. The fact that so much is lost between 5 and 10 sec. suggests that significant quantities are lost even during the 3 sec. or so required for the arterial inflow of the bulk of the label. That such losses have occurred even at 5 sec. is shown by the fact that almost twice as large a fraction of injected iodoantipyrine as of K 4a or Rb S(i is found in the brain at this time (unpublished observations). The effect of these circumstances is that the cerebral fraction of alkali metal isotope directly observed will always be less than the cerebral flow fraction.
Although the rate at which the aortic Eb S(1 content changes is much less than that of brain, the uncertainties in the process of extrapolation and in the estimation of losses during delivery time suggest that aortic perfusion should be estimated from observations made at 10 sec. and that this value should be taken as a minimum one. Xote that extrapolation and correction for losses during delivery can only serve to elevate this value. Although the indicated corrections have not been made in the subsequent calculations, rough estimates indicate that the 10 sec. aortic uptake fraction underestimates the true aortic flow by no more than 15 per cent.
It is important to emphasize here that the indicator-fractionation technics employing Eb 80 or K 42 can give flow values which are erroneously low (because of a high flow: reservoir ratio) ; but in animals which are killed at early times, the method cannot overestimate flow by more than a small and measurable amount. This follows from the fact that no more of the indicator can appear in an organ than is given by the quantity F JV C' a dt where F is the blood flow and C a the aterial concentration of indicator. If the indicator-dilution curve is extrapolated in the usual manner, giving C" a , the cardiac output can be defined as I/JV C." a dt. The ratio between organ content of indicator and the injected close of indicator will then exceed the ratio of organ blood flow to cardiac output at the most by the quantity /"* Ca d t A t 1Q s e e /o°° C' a dt t'ound-in normal rats to be 1.04. The maximum positive error is thus of the order of 4 per cent. This rather surprising result depends on the fact that in 10 sec. the amount of Rlr so which recirculates is exceedingly small in relation to its initial arterial delivery. Only recirculating label can cause the organ uptake to be falsely high, for in its first circulation organ uptake can be no more in relation to the amount injected than organ blood flow in relation to the cardiac output. Of course, for other indicators which may recirculate in significant quantities or at longer times (which allow for more recirculation of indicator), this argument is not valid.
It is, therefore, quite remarkable that the flow value indicated for the aorta-a minimum estimate-shows the aorta to be among the best perfused structures of the body. Using a flow fraction of 0.2 per cent and a cardiac output of 231 ml./Kg./inin., 8 the aortic perfusion calculated in these experiments is 1.70 ml./min./Gm. aorta. This value is 15 times as great as that found in skin; it exceeds cerebral perfusion by a factor of nearly 4; of the major organs, only the kidney, heart, and liver have higher perfusion rates. 2 This extraordinary perfusion rate is even more surprising when it is compared with the reported in vitro metabolism of the aorta, Briggs, Chernick, and Chaikoff, 0 Christie and Dahl, 10 Henderson and MacDougall 11 and Krantz, Carr, and Knapp 1 -have all found isolated rat aorta to have a Q o -' of the order of 1.0 mm.Vrnjr. dry weight/hr. This value is one of the lowest in the body. It is, for example, less than one-third that reported for rat skin (ear; ; it is less than 1/5 that found SAPIRSTEIN, MAXDEL in rat intestinal smooth muscle, and about 1/10 that observed in resting heart muscle. It is possible that in vivo the intermittently stretched tissues of the aorta metabolize more rapidly than they do in vitro. It is also possible that the perfusion of the aorta is independent of its metabolism and that the vasa vasorum normally carry an amount of blood greatly in excess of aortic requirements.
SUMMARY
The indicator fractionation technic employing Eb 80 has been applied to the measurement of aortic perfusion rate in the rat. Aortic uptake of Eb 80 declines with time after injection during the first minute. This shows the aorta to have a lower extraction ratio for this label than the body as a whole. The significance of this finding is discussed and some general aspects of indicator fractionation technics are considered. A minimum value for the aortic perfusion rate (1.70 ml/Gm./min. is given and is substantially the same in thoracic and abdominal aorta of rats. In one dog the medial perfusion rate was 1.6 times the intimal perfusion rate on a weight basis. The value for aortic perfusion is exceptionally high compared to its metabolism. ACKNOWLEDGMENT The assistance of Mr. Francesco Arcidiacono and Dr. An tonic Bredemeyer is gratefully acknowledged. SUMMARIO Iste valor (1,70 ml/g/min) es essentialmente le mesme in le aorta thoracic e abdominal de rattos. In un can, le intensitate del perfusion del media esseva 1,6 vices le intensitate del perfusion del intima super le base de equal pesos. Le magnitude del perfusion aortic es exceptionalmente alte in comparation con su metabolismo.
